We have examined the intrinsic spin-orbit coupling (SOC) and orbital depairing in thin films of Nb-doped SrTiO3 by superconducting tunneling spectroscopy. The orbital depairing is geometrically suppressed in the two-dimensional limit, enabling a quantitative evaluation of the Fermi level spinorbit scattering using Maki's theory. The response of the superconducting gap under in-plane magnetic fields demonstrates short spin-orbit scattering times τso ≤ 1.1 ps. Analysis of the orbital depairing indicates that the heavy electron band contributes significantly to pairing. These results suggest that the intrinsic spin-orbit scattering time in SrTiO3 is comparable to those associated with Rashba effects in SrTiO3 interfacial conducting layers and can be considered significant in all forms of superconductivity in SrTiO3.
The relativistic spin-orbit interaction is fundamental in the solid state, connecting the conduction electron spin to the atomic, electronic, orbital, and structural symmetry properties of the material [1] . SrTiO 3 is an oxide semiconductor with highly mobile t 2g conduction electrons and exhibits superconductivity at the lowest known carrier density of any material [2] [3] [4] . The relevance of the intrinsic spin-orbit coupling (SOC) for superconductivity in the bulk material remains an open question: the atomic SOC produces a relatively small splitting (29 meV [2] ) of the t 2g bands, butmight be an important energy scale considering the small superconducting gap in SrTiO 3 . Moreover, SrTiO 3 is the host material for unconventional two-dimensional (2D) superconductors such as FeSe/SrTiO 3 [5] , δ-doped SrTiO 3 [3] , and LaAlO 3 /SrTiO 3 [6] . Spin-orbit coupling in SrTiO 3 interfacial accumulation layers has been extensively studied both experimentally and theoretically [7] [8] [9] [10] [11] [12] [13] . In these systems, Rashba SOC has been suggested to give rise to many of the unusual normal-and superconducting-state properties due to the broken inversion symmetry and the highly asymmetric confinement potential. Understanding the competition between the intrinsic and Rashba coupling scales is critical to understanding the spin-orbit textures and superconducting phases in both bulk and 2D systems.
The spin-orbit coupling strength can be quantitatively extracted from superconducting tunneling spectra of thin films in large parallel magnetic fields [14] [15] [16] . In a conventional s-wave superconductor, a magnetic field acts in two ways on the conduction electrons: by inducing cyclotron orbits and via the electron magnetic moment (spin). Both of these effects lead to the breaking of Cooper pairs once their energy scale competes with the condensation energy. For thin films in the 2D limit, the orbital depairing can be geometrically suppressed, leading to highly anisotropic upper-critical fields with large in-plane H c2, . In the absence of spin-orbit coupling, spin is a good quantum number and H c2, is determined by the Pauli paramagnetic limit (H P = ∆ 0 / √ 2µ B , where ∆ 0 is the superconducting gap at T = 0 and µ B is the Bohr magneton) [14, 17, 18] . The application of an inplane magnetic field splits the spin-up and spin-down superconducting quasiparticle density of states (DOS) through the Zeeman effect ( Fig. 1 left panel) [14] . Increasing the spin-orbit coupling leads to a mixing of the spin-up and spin-down states and lifts H c2, above the Pauli limit [14, 19, 20] . If the spin-orbit scattering rate is very fast (h/τ so > ∆ 0 , where τ so is the normal-state spinorbit scattering time), then the superconducting DOS does not exhibit measurable Zeeman splitting ( Fig. 1  right panel) . Fitting the tunneling spectra using Maki's theory [21] [22] [23] enables a quantitative extraction of both the orbital depairing parameter (α o ) and τ so from the tunneling spectra. This approach, pioneered by Tedrow and Meservey, has been used extensively to explore depairing mechanisms of conventional elemental superconductors [14-16, 22, 23] .
Here we examine spin-orbit coupling and orbital depairing in thin films of Nb-doped SrTiO 3 (NSTO) using tunneling spectroscopy. Recently, we have developed an approach for realizing high-quality tunneling junctions for bulk NSTO with µeV resolution of the superconducting gap [24, 25] . By carefully engineering the band alignments using polar tunneling barriers, the interfacial carrier density probed by tunneling corresponds to the nominal density of dopants. We study the tunneling conductance (di/dv) of NSTO films in the 2D limit (d < ξ GL , where d is the film thickness and ξ GL is the GinzburgLandau coherence length). We find a single supercon- ducting gap which closes at the superconducting transition temperature (T c ). We extract H c2, from the tunneling spectra and find that it greatly exceeds the Pauli limit. Under in-plane applied fields, Zeeman splitting is not observed and an apparent single gap persists at all fields until closing completely near 1.6 T, indicating that the spin-orbit coupling scale (h/τ so ) is larger than ∆ 0 . We analyze the data using Maki's theory [21] [22] [23] and examine the relative contributions from orbital depairing and spin-orbit scattering. Due to the heavy mixing of the spin states, Maki's theory provides an upper-bound for the spin-orbit scattering time of τ so ≤ 1.1 ps and spin diffusion length λ s ≤ 32 nm. We fabricated tunneling junctions consisting of superconducting NSTO thin films of thickness d = 18 nm, with a 2 unit cell (u.c.) epitaxial LaAlO 3 tunneling barrier, and Ag counter electrodes as described elsewhere [24, 25] . NSTO with 1 at.% Nb-doping was homoepitaxially deposited on undoped SrTiO 3 (001) by pulsed-laser deposition [26] . Films grown by this technique exhibit full car- rier activation and bulk-like electron mobility. The polar LaAlO 3 tunnel barrier plays a crucial role in enabling access to the electronic structure of NSTO in the 2D superconducting limit. The LaAlO 3 layer provides an interfacial electric dipole which shifts the band alignments between the Ag electrode and semiconducting SrTiO 3 by ≈0.5 eV/u.c. [27] [28] [29] . Aligning the Fermi-level between the two electrodes significantly reduces the Schottky barrier and eliminates the long depletion length which prohibits direct tunneling.
First, we report the zero-field superconducting behavior of the sample. Figure 2a shows di/dv measured at base temperature (T = 20 mK) and µ 0 H = 0 T exhibiting a single superconducting gap (∆). Although we observe high-energy coupling to longitudinal-optic phonon modes (not shown) as reported recently [24] , we do not find other strong-coupling renormalizations (i.e. McMillan and Rowell [30] ) in the tunneling spectra. The superconducting gap is well fit by the Bardeen-CooperSchrieffer (BCS) equation for the density of states with ∆ 0 = 47 ± 1 µeV. Due to the finite resolution of the measurement and thermal broadening, the minimum of the superconducting gap is finite. Here, the gap minimum is two-orders of magnitude smaller than the normal state conductance, demonstrating the dominance of elastic tunneling and the high quality of the junction, even in the 2D limit. The superconducting gap closes near T c = 330 mK as measured by four-point resistivity (Fig.  2b) . Importantly, we do not observe a pseudogap as was recently observed in LaAlO 3 /SrTiO 3 [31] , indicating the pseudogap is specific to the LAO/STO interface and not a generic feature in the 2D limit.
We now turn to the magnetic-field response of the superconducting gap. Figure 3a shows the superconducting gap at several characteristic values of applied magnetic field (left panel: H ⊥ , right panel: H ). Figure 3b displays the zero-bias conductance (gap minimum) normalized to the normal-state zero-bias conductance for both field orientations. We find a large anisotropy between H c2,⊥ and H c2, with a ratio H c2,⊥ / H c2, = 0.052. We extract the Ginzburg-Landau superconducting coherence length ξ GL = Φ 0 /(2πH c2,⊥ ) = 62 nm > d, confirming the superconducting state is in the 2D regime. SrTiO 3 is a type-II superconductor with large London penetration depth compared to ξ GL and d, and the quenching of superconductivity due to an out-of-plane field can be attributed to the formation of vortices. For fields applied in-plane, the large size of a vortex core is energetically unfavorable to form in the 2D limit and the orbital depairing is dramatically suppressed leading to enhanced H c2, . We find that the superconducting gap exhibits large H c2, far in excess of the Pauli limit (H P = ∆ 0 / √ 2µ B = 0.574 T), and in agreement with a study of upper-critical fields from resistivity measurements in δ-doped SrTiO 3 quantum wells [20] . Here, we can examine the spin-dependent response of the superconducting gap spectra to extract the relevant contributions to orbital and spin depairing mechanisms.
The superconducting DOS has been given by Maki's theory, which takes into account orbital depairing, Zeeman splitting of the spin states, and SOC [15, 21] . The spin-dependent DOS is given by,
where ρ 0 is the normal-state DOS and u ± are defined by,
for which E is the energy relative to the Fermi level (E F ), b =h/(3τ so ∆ 0 ) is a dimensionless quantity representing the strength of the spin-orbit scattering relative to ∆ 0 , and ζ represents spin-independent lifetime corrections. Maki's equation (Eq. (2)) reduces to the BCS DOS in the limit of vanishing ζ and b. The quantity µ B H represents the Zeeman splitting of the spin-dependent states and observation of this splitting in the experimental data depends on the strength of b (see Fig. 1 ). The parameter ζ = α i + α o H 2 includes field-independent broadening (α i ) and α o = De 2 d 2 /(6h∆ 0 ) is the standard orbital depairing for a thin film in a parallel magnetic field (D is the diffusion coefficient) [14, 15, 21] . We follow the numerical approach of Worledge and Geballe in applying Eq. (2) to the tunneling data [21] [22] [23] .
We now focus on the spectra shown in Fig. 3a (right panel) for in-plane applied fields. The magnetic fields explored here (µ B H /∆ 0 < 2) are large enough to observe Zeeman splitting in the weak spin-orbit limit (b < 1) [32] . However, for all measured magnetic fields, the data does not exhibit a clear signature of Zeeman splitting indicating strong spin scattering relative to the superconducting gap (compare Fig. 1 with Fig. 3a right panel) and consistent with the violation of the Pauli-limit. While the spin-orbit parameter b is field-independent, the effect of Zeeman splitting in combination with rapid spin mixing is to produce an effective broadening of the total DOS (ρ ↑ + ρ ↓ , see Fig. 1 ) following an H 2 dependence [15] . Therefore since both orbital depairing and the large SOC produce quasiparticle broadening under an applied field, it is a useful exercise to first consider a reduced version of Maki's theory which ignores the spin-degree of freedom in the problem, such that,
which in zero-field is equivalent to the Dynes formulation were the phenomenological Dynes quasiparticle broadening parameter is given by Γ = ζ ∆ 0 [33] . We first fit the data of Fig. 3a right panel using Eq. (3) where ζ is the only free parameter. The results for ζ are shown in Fig. 4a as a function of H 2 and are well described by ζ = α i + ηH 2 with α i = 0.056 and η = 0.4 T −2 . The small intrinsic quasiparticle broadening (α i ) gives Γ = 2 µeV and identical to our previous report in the bulk limit [24] . The extracted η value reflects the total contribution to field-induced broadening from both spin-orbit coupling and orbital depairing.
To quantify the spin-orbit and orbital depairing contributions, we apply Maki's full theory (Eq. (2)) to the set of tunneling data between 300 and 700 mT (0.3 < µ B H/∆ 0 < 0.86) including the spin-dependent density of states, spin-orbit parameter b, and depairing parameter ζ = α i +α o H 2 . The only free parameters are b and α o which must both be singly valued at all fields. We find that the best fits are statistically equivalent for b > 4 (with varying α 0 ) [32] , indicating short spin-orbit scattering times τ so < 1.1 ps. In this regime (b > 4), α 0 and b are correlated. This can be understood as a competition between the spin-orbit induced effective broadening and orbital depairing. For instance, in the limit b → ∞, the broadening from SOC vanishes and orbital depairing must asymptotically approach η to account for the experimentally observed broadening. Fig. 4b shows a characteristic best fit for µ 0 H = 0.5 T (µ B H/∆ 0 = 0.61) with b = 6 and α 0 = 0.11. Additionally, an upper-bound on the spin diffusion length is given by λ s = 3 4 D tr τ so < 32 nm [34] , where
2 /s is the transport diffusion coefficient. Here we have estimated the Fermi velocity v F in a single-band approximation with effective mass m * = 1.24m 0 [3] and Fermi level E F = 61 meV [2, 24] . We have used the Drude scattering time τ tr = m * µ e /e where µ e = 300 cm 2 /Vs is the experimentally measured electron mobility.
The contribution from orbital depairing in the tunneling data provides additional information on the superconducting phase. The best fits from Maki's theory in the range b > 4 correspond to 0.016 T −2 < α o ≤ η, for which α o increases commensurately with b. Thus, even though spin-orbit and orbital depairing cannot be quantified independently, there are clear experimental limits on α o . We can compare the experimental α o with the expected orbital contribution from normal-state transport parameters with
, which is far in excess of the measured total broadening of η = 0.4 T −2 . This apparent discrepancy can be resolved by considering the multi-band nature of bulk SrTiO 3 with three occupied t 2g orbitals comprised of two light-and one heavy-electron bands [2, 10] . Normal-state transport coefficients are dominated by the highly mobile light electrons, but these carriers only make-up a fraction of the total DOS, whereas the lowest lying heavy band comprises the majority of the electrons at E F [2, 3, 10, 35] . In other words, the experimental data cannot be explained by solely considering highly mobile, light electrons in forming the superconducting phase. We can transpose the orbital depairing extracted from the superconducting tunneling data to D SC representing the diffusion coefficient for electrons which contribute to pairing. We find 0.1 × 10 −4 m 2 /s < D SC < 2.3 × 10 −4 m 2 /s, which agrees very well with a simplistic estimate of the diffusion constant for the heavy electron band with m * ≈ 6m 0 [36] and momentum scattering time τ he ≈ 100 fs, giving D he ≈ 1×10 −4 m 2 /s. Therefore, the robustness of superconductivity at high magnetic fields is consistent with the established bulk band structure for which the heavy electron band dominates the total DOS and results in weak orbital depairing. We note that the importance of the heavy bands for superconductivity has been suggested in LaAlO 3 /SrTiO 3 [37, 38] The spin-orbit scattering times observed here are comparable to the momentum scattering time (τ tr /τ so ∼ 0.1) and significantly shorter than those suggested theoretically in a single band limit [39] . Additionally, we can expect that Rashba and Dresselhaus fields are minimal in the current sample structure under investigation [32] . Therefore, the rapid spin mixing near the Fermi level can be understood in the context of the multiband electronic structure of bulk SrTiO 3 with hybridized orbital character arising from the tetragonal crystal field splitting and the intrinsic atomic spin-orbit interaction [2] . This picture is analogous to p-type Si where short spin relaxation times are characteristic despite the modest SOC [40, 41] . The spin-orbit scattering explored here reflects the electrons with the largest contribution to the density of states and the superconducting condensate, which in bulk SrTiO 3 is the heavy electron band. This is in contrast to transport experiments exploring spin-orbit coupling in the normal state (i.e. weak (anti-)localization, Subnikov de Haas oscillations) which are most sensitive to the highly mobile subset of carriers [3, 35] . Therefore, careful analysis of the sub-band structure and orbital character in confined SrTiO 3 -based heterostructures (e.g. LaAlO 3 /SrTiO 3 ) is critical to understanding the spin-orbit properties of the normal and superconducting phases. Regardless, it is interesting to note that the scattering times found here (τ so ∼ 1 ps), are in the ballpark of the vast majority of experimental findings in LaAlO 3 /SrTiO 3 [7, 8] , suggesting that the spin-orbit scattering at the Fermi level arising from the intrinsic atomic spin-orbit interaction contributes at least on equal footing with Rashba effects.
In conclusion, we have performed tunneling experiments on the dilute superconductor SrTiO 3 doped with 1 at.% Nb in the 2D superconducting limit. These results were enabled by precisely designing the tunneling junction with epitaxial dipole tunnel barriers, which shift band alignments and facilitates high-resolution tunneling spectroscopy. The data indicates a single superconducting gap which closes at T c . By geometrically suppressing the orbital depairing, we show that the large intrinsic SOC can be observed directly in the tunneling spectra by the violation of the Pauli-limit and the absence of Zeeman splitting. Surprisingly short spin-orbit scattering times of order 1 ps were obtained. Examination of the orbital depairing parameter indicates that the heavy electron band, which is difficult to explore in transport experiments, plays an important role in the formation of the superconducting phase.
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